The conditions necessary for high-level expression of methionyl bovine growth hormone (Met-bGH) in Escierichia coli were investigated. Plasmids were constructed that contain a thermoinducible runaway replicon and either the E. coli tryptophan or lipoprotein promoter and ribosome binding sites, which served as transcriptional and translational initiation sites for the expression of the bGH gene. The expression of Met-bGH was low with either system. However, expression levels of up to 30% of total cell protein were obtained after the introduction of additional codons 3' to the initiating AUG codon, thus altering the NH2-terminal amino acid sequence of bGH. To obtain high-level expression of Met-bGH a two-cistron system was constructed in which the codons that enhanced the expression of bGH were incorporated into the first cistron, and the coding region for Met-bGH was incorporated into the second cistron. This approach may be generally applicable to achieving high-level expression of a gene that contains NH2-terminal sequences that do not allow for its efficient expression. Analyses of the stabilities of the bGH derivatives and their transcripts in vivo suggested that the variations in the level of expression were due to variations in the efficiency of mRNA translation.
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High-level expression of a cloned gene in Escherichia coli generally involves the incorporation of the gene into a multicopy replicon, transcription of the gene from a strong promoter, and efficient translation of the mRNA (1) (2) (3) . In this paper, we present our studies on the conditions necessary for high-level expression of bovine growth hormone (bGH) in E. coli. A cDNA clone for the full-length bovine growth pre-hormone was isolated by Miller et al. (4) , and the coding region for mature bGH (5) was then cloned into pBR322 (unpublished data).
Our initial approach to obtain high-level expression of bGH was to increase the gene dosage. This was achieved by using the thermoinducible runaway-replication plasmid pl-MIA (6) . This plasmid was derived from pKN402 (7) and has a copy number of 10-15 per cell below 30'C and 1000-2000 per cell at 370C. pIMIA contains a kanamycin-resistance marker and the E. coli lipoprotein (lpp) promoter and ribosome binding site. When the bGH gene was cloned into pI-MIA, behind the lpp promoter, we observed that only small amounts of Met-bGH were synthesized. The poor expression of Met-bGH was due to the poor translational efficiency of the mRNA encoding Met-bGH, which was overcome by inserting additional codons 3' to the AUG initiation codon. To obtain high-level expression of Met-bGH, without the introduction of extra codons, we constructed a genetic system consisting of two contiguous cistrons. The first cistron contains the codons that enhanced the translational efficiency of Met-bGH, and the second cistron contains the Met-bGH coding sequence. We refer to this system as a two-cistron construction, and we propose that this approach will be generally applicable to improving gene expression in E. coli.
MATERIALS AND METHODS Bacterial Strains and Media. E. coli K-12 RV308 [su-, AlacX74, gal IS II::OP308, strA] (8) was the host strain for all of the recombinant plasmids. The source of the trp PO region was pHI7 (9) . pIMIA (6) was obtained from M. Inouye. The bGH-cDNA clone was obtained from J. D. Baxter (4) . In all experiments, RV308 cells containing recombinant plasmids were grown in TY broth (Difco) with 50 Mg of kanamycin per ml (Sigma) at temperatures indicated in the text.
Chemical Synthesis of DNA Linker Sequences. All deoxyribooligonucleotides were synthesized either manually by the modified phosphotriester method (10) or by the DNA synthesizers [Biosearch (San Rafael, CA) Sam I or Applied Biosystems (Foster City, CA) model 380A] according to the procedures recommended by the manufacturers. The oligonucleotides were purified by HPLC using a Whatman Partisil-10 SAX column (11) . The linkers were prepared by joining these oligonucleotides enzymatically using T4 DNA ligase (12) .
Plasmid Constructions. Conditions for all restriction endonuclease and ligation reactions were those recommended by the manufacturers (New England Biolabs or Boehringer Mannheim). For plasmid constructions, gel-purified restriction fragments (13) were ligated and transformed into CaCI2-treated RV308 cells (14) . Transformants were selected on TY agar plates containing 50 Mg of kanamycin per ml. Plasmid DNA from the transformants was extracted (15) 
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Biochemistry: Schoner et al. agarose gels to nitrocellulose paper; for dot blots, the RNA was applied directly to the paper (19) . The conditions for nick-translation, hybridization, and washing have been described (20) .
RESULTS
Structure of bGlI Expression Vectors. pIMIA was used as a starting plasmid to construct a series of expression vectors for bGH that differed primarily with respect to the promoter (E. coli lpp or trp) and the DNA sequence at the 5' end of the bGH coding region (Fig. 1) . The sequence between the promoter and the beginning of the bGH coding region (Fig. 2 ) was essentially that of the native E. coli trp operon (21) or lpp gene (22) 5'-untranslated region, which included the ribosome binding site and the ATG initiation codon. The bGH gene was flanked by the initiation codon and a TAG termination codon that overlapped with the unique BamHI site. The sequence 3' to the BamHI site was part of the pIMIA plasmid and codes for the 3' end of the E. coli Ipp gene and the lpp transcriptional terminator, which is located 150 base pairs downstream from the BamHI site (22) .
Plasmids with altered sequences at the 5' end of the bGH gene were constructed by ligating synthetic DNA oligonucleotides between the Taq I and HgiAI sites of the trp promoter plasmids and between the Xba I and HgiAI sites of the lpp promoter plamids, as shown in Fig. 1 . The sequences of these oligonucleotides are shown in Fig. 2 . In each case, the sequence of the newly synthesized and cloned oligonucleotide was confirmed by DNA sequencing. 
IIII
Relative Expression of bGH Derivatives. The bGH expression plasmids were transformed into E. coli RV308, and the resulting cultures were grown at 250C to early logarithmic phase. To amplify the synthesis of the bGH derivatives encoded by these plasmids, the growth temperature was shifted to 370C for 6 hr, which induces runaway replication of these plasmids. After amplification of the trp promoter plasmids, bGH synthesis was no longer repressed by tryptophan (data not shown) because of titration of the trp repressor by the trp operator. The cells were harvested, lysed in sample buffer, and the lysates were subjected to NaDodSO4/polyacrylamide gel electrophoresis. The gels were stained with Coomassie blue and scanned. The results are shown in Figs. 2 and 3. We confirmed that these cells were synthesizing bGH by radioimmunoassay, HPLC analysis, and bioassay (data not shown).
The amount of bGH synthesized from similar bGH genes varied dramatically and did not depend on the promoter used. For example, low-level expression was obtained with cells harboring pCZ104 or pCZ110, plasmids in which the Met-bGH gene is transcribed from the ipp and the trp promoters, respectively (Fig. 3, lanes 3 and 6) . In these plasmids, five of the first seven codons in the bGH gene were replaced by those shown in Fig. 2 . They specify the same amino acids as do the natural bGH codons but are those preferred in E. coli (23) . A slightly higher level of Met-bGH expression was observed with pCZ108 (lane 5) in which the natural bGH codons are retained. However, a substantial increase in bGH expression was obtained (from 1.7% to -30% of total cell protein) in cells harboring pCZ101 and pCZ105 (lanes 2 and 4), which differ from pCZ108 in that they contain eight additional codons 3' to the initiation codon. This result suggested that high-level expression obtained with these plasmids depends on the eight extra codons and is independent of the promoter and the 5'-untranslated region of the mRNA.
The low bGH expression obtained with pCZ110 could be increased to "30% of cell protein by adding three of the extra eight codons present in pCZ105, generating pCZ112 (lane 7), or by adding just one codon (GAT), generating pCZ115 (lane 9). However, adding one codon (GCT) to pCZ104 to construct pCZ100 did not result in high-level expression of bGH (lane 1). It should be noted that GCT was not among the eight 5' codons used in pCZ101 and pCZ105. Thus, there appears to be some specificity in the codons that can serve to increase the level of bGH expression.
To obtain high-level expression of Met-bGH without introducing extra codons, we converted the coding sequence of pCZ101 to a two-cistron expression system for Met-bGH (designated pCZ114) as shown in Fig. 4 . The minimum number of base changes were introduced into the 5' end of the coding sequence of pCZ101 to create a termination codon (TAA) and an initiation codon (ATG). One additional base change (T to G) served to create a Shine-Dalgarno sequence for the second cistron. Two products should be encoded by pCZ114, a seven-amino acid polypeptide, the product of the first cistron, and Met-bGH, the product of the second cistron. The DNA sequence of the Met-bGH cistron in pCZ114 is identical to that of the Met-bGH gene in pCZ108. We found that the Met-bGH encoded by pCZ114 was expressed at a high level, -19% of total cell protein (Fig. 3, lane 8) . These results indicated that the low-level expression of MetbGH from pCZ108 was not due to an inherent problem in translating the codons in this gene. When we changed the ATi initiator codon for the first cistron in pCZ114 (Fig. 4) to an ATT codon or to an ATC codon, the level of Met-bGH expression was <0.5% of cell protein (data not shown). Thus, initiation of translation at the first cistron appears to be obligatory for efficient translation of the second cistron.
These results also suggested that Met-bGH is stable in E. Polyacrylamide gel analysis of bGH synthesis. Lysates were prepared from 1 ml of cell culture harboring the bGH plasmids described in Fig. 2 after 6 hr of growth at 370C. The lysates were loaded on a 12.5% polyacrylamide gel (1.5 mm x 18 cm x 18 cm) and run at 50 mA for 3 hr. Lanes: 1, pCZ100; 2, pCZ101; 3, pCZ104; 4, pCZ105; 5, pCZ108; 6, pCZ110; 7, pCZ112; 8, pCZ114; 9, pCZ115; 10, molecular weight markers were phosphorylase B (92,500), bovine serum albumin (66,200), ovalbumin (45,000), carbonic anhydrase (31,000), soybean trypsin inhibitor (21,500), and lysozyme (14, 400) . The arrows indicate the positions of bGH and kanamycin phosphotransferase (KPT). Taql   TTC-CCA-GCC-ATG-TCC-TTG-TCC-GGC-CTG-TTT-GCC-AAC-GCT-CTG-CTC   HgiAI-TTC-CCA-GCC-ATG-TCC-TTG-TCC-GOC-CTG-TTT-GCC-AAC-GCT-GTG- KPT-" bGH-.
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FIG. 5. [35S]
Methionine pulse-chase analysis of bGH stability.
Cells harboring bGH plasmids were labeled for 40 min with
[35S]methionine. At t = 0 min, a '0,OOO-fold excess of unlabeled methionine was added to the cultures, samples were withdrawn at the indicated times, and whole-cell lysates were prepared and loaded on a polyacrylamide gel. After completion of the run (50 mA; 3 hr), the gel was soaked in Enlightening (New England Nuclear) for 15 min, dried, and exposed for 4 hr to XAR-5 (Kodak) x-ray film with an intensifying screen. The plasmids were as follows: pCZ101, lanes 1-4; pCZ112, lanes 5-8; pCZ114, lanes 9-12. The times for the chase were as follows: 0 min, lanes 1, 5, and 9; 15 min, lanes 2, 6, and 10; 30 min, lanes 3, 7, and 11; 60 min, lanes 4, 8, and 12. The arrows indicate the positions of bGH and kanamycin phosphotransferase (KPT).
The dot blots showed that cells harboring pCZ100, pCZ101, or pCZ114 all contained approximately equal steady-state levels of bGH-specific mRNA. Since cells harboring pCZ101 or pCZ114 synthesize at least 40-fold more bGH than cells harboring pCZ100, the translational efficiency of these mRNAs must vary greatly.
DISCUSSION
We have constructed expression plasmids for derivatives of bGH that contain additional codons 3' to the translational initiation site of the bGH coding sequence. The presence of these codlons greatly affects the amount of bGH synthesized without appreciably altering the level of mRNA, suggesting that these codons affect the efficiency with which the bGH transcript is translated.
What features of the mRNA transcript are most likely to influence translational efficiency? It has been generally observed that a Shine-Dalgarno sequence properly positioned 5' to an ATG initiation codon is essential for translation (2, 3) . Variations in the distance between the Shine-Dalgarno sequence and the ATG initiation codon (24) , and the nucleotide sequence of this "window" region (25, 26) have been shown to affect translation. However, sequences outside this region are also important in determining the efficiency of translation. For example, it has been argued, based on studies with lamB (27, 28) , the gal operon (29) , the trp operon (30), Xcro (31) , the MS2 lysis gene (32) , and the simian virus 40 small t antigen (33) , that little translation occurs when the ribosome binding site or the initiation codon are sequestered in a double-stranded region of the mRNA, thereby blocking the accessibility of these sequences to the ribosomes. Thus, sequences or sequence changes that decrease the possibility of base-pairing enhance the translatability of mRNAs.
To locate potential secondary structures in the mRNA of the various cloned bGH genes, we conducted computer searches with an RNA-folding program provided by Zuker and Stiegler (34) for regions of complementarity between the Shine-Dalgarno sequence or the translational initiation site and neighboring sequences. Since these searches did not reveal any convincing local secondary structures that could be correlated with bGH expression, we have searched for distal regions that might be involved in secondary structure formation. Two of the efficiently translated bGH mRNAs and two of the poorly translated bGH mRNAs synthesized from the Ipp promoter were examined in detail, as described below, in an attempt to mimic the in vivo folding pathway of these mRNAs. We began by analyzing the first 50 bases of the mRNA sequence for homologies capable of forming secondary structures. We then increased the length of the sequence sequentially by 10 bases up to 200 bases and noted any changes in secondary structure that would sequester the ribosome binding site in these molecules. This type of analysis revealed the formation of alternative structures involving different distal regions in the mRNA as the length of the A 1 2 (35) , the formation of secondary structure(s) inhibitory to translation may be blocked, thus allowing for high-level Met-bGH expression.
Our data show that poor translation of the native bGH transcripts is also improved by the addition of extra codons. However, the presence of these codons results in the synthesis of altered proteins. Therefore, we have used an alternative approach, the two-cistron construction, which does not suffer from these limitations. The sequences that allow for efficient translation initiation are placed into a separate cistron in front of the weakly expressed bGH genes. In this respect, the two-cistron construction may be functionally analogous to the translation of single-stranded bacteriophage mRNAs, for example MS2, where the expression of the lysis cistron depends on the translation of the preceding coat protein cistron (32) . The ribosomes initiate at the first cistron and disrupt the inhibitory secondary structures of the second cistron mRNA as they translate the first cistron. Because the two-cistron construction gives maximal flexibility in the sequence of the first cistron, we believe that such constructions will be of general utility for maximizing gene expression in E. coli.
We thank J. Paul Burnett, Thomas Ingolia, and Richard Jaskunas for helpful discussions; John Sharp for suggesting the sequential analysis of bGH mRNA secondary structure; Dennis Smith and Charles Brush for technical assistance; and Jennifer Shrote and Cheryl Alexander for their outstanding effort in manuscript preparation. We thank Michael Zuker for making his RNA-folding program available to us.
